Moreover, there are potential health risks associated with the intake of dissolved aluminium, [16] [17] [18] which plays an active role in the development and advancement of senile dementia of the Alzheimer type, 18 bone softening (dialysis osteomalacia), 19 renal insufficiency, pulmonary fibrosis, microcytic anemia and disturbances of sleeping. 20 Therefore, the removal of this metal from natural water and wastewater is a vitally needed.
During the last few years, increasing attention has been focused on the separation, preconcentration and/or determination of trace-metal ions in the environment. This field of interest is becoming a real challenge due to the specificity, accuracy and sensitivity required by even-more and more stringent regulations. 21, 22 Numerous techniques are available in this concern and have been reported. [23] [24] [25] [26] [27] These techniques may involve: chemical precipitation, ion exchange, reverse osmosis, electro-deposition, adsorption, solvent extraction and flotation separation processes. Of these, adsorption has proved to be an effective technique. Activated carbons are unique and versatile adsorbents because of their extended surface area, micro-porous structure, high adsorption capacity and high degree of surface reactivity. [28] [29] [30] [31] [32] They find their wide applications in the removal of color, odor, taste and other undesirable organic and inorganic impurities from different aqueous media. 27, 33 They are being increasingly used in the field of hydrometallurgy for the recovery of gold, silver, other in-organics and as catalyst supports. 34 Their use in medicine to combat certain types of bacterial ailment is also well known. 34 Moreover, they are usually considered to be adsorbents against which others are assessed. 33 However, the adsorption may suffer from economic limitations owing to difficulties encountered in separating the sorbent from the suspension in order for it to be regenerated. 27 Therefore, attempts have been made to develop separation techniques.
Flotation as a solid/liquid or liquid/liquid (or both) separation process has recently received considerable interest owing to its simplicity, rapidity, good separation yields (R > 95%) for small impurity agent concentrations (10 -6 -10 -2 mol dm -3 ), a large possibility of applications for species having different nature and structure, flexibility and friability of equipment and processing for recovery purpose. 35, 36 It is believed that this process will soon be incorporated as a clean technology to treat both water and wastewater. 37 For the aforementioned reasons a combination of adsorption and flotation into a unified operation termed sorptive-flotation could be considered as a vital process. 38 In developing countries, the pollution control measures frequently need to be based on lower cost technologies. In this context, one area that is being explored is the use of naturally occurring materials that have the potential for adsorbing pollutants. 33 Accordingly, this investigation aims to establish a selective, rapid and simple procedure for the removal of aluminum ions from aqueous solutions using powdered activated carbon, obtained from olive stones, as an organic sorbent (which may be inexpensive, readily available and as alternative to existing commercial adsorbents) and oleic acid as a surfactant under the recommended conditions.
Experimental

Samples
Modified powdered activated carbon was prepared from olive stones after washing with a 5% aqueous solution of HCl, followed several times by distilled water and drying at 125˚C, and then subjected to destructive distillation for 5 h at 600˚C under a flow of nitrogen.
The resulting material was subsequently activated by gasification with steam at 900˚C. The modified activated carbon sample was prepared by a treatment with conc. HNO3 (10 ml of the acid for each gram of the carbon sorbent). The suspension was shaken for 48 h at room temperature, after which the modified activated carbon sample was removed by filtration, washed with distilled water and dried in an air oven for 24 h at 125˚C. Whilst hot, the treated carbon sample was then quickly transferred into a desiccator and subjected to low-pressure evacuation. A mean particle size of ca. 12 µm was employed in subsequent experiments. Experimental characterization of the carbon sample under investigation (Table 1) revealed that: the surface area of PAC was 250.1 m 2 /g (employing the conventional BET equation), its ash content was 6.3% and its suspension pH after 4 h of stirring (water pH = 6.8) was 8.2. The base neutralization capacities (m equiv g -1 ) for NaHCO3, Na2CO3 and NaOH were 0.10, 0.16 and 0.18, respectively. Moreover, the IR analysis of PAC sample revealed the appearance of two absorption bands at 1383 cm -1 and 3400 -3450 cm -1 , assigned to ν(COOH) and ν(OH), respectively.
Reagents
All of the solutions were prepared from certified reagentgrade chemicals. An aluminum stock solution (1 mg ml -1 ) was prepared from AlK(SO4)2·12H2O (BDH Ltd., Poole, England) by dissolving 17.59 g in doubly distilled water containing 5 cm 3 of concentrated H2SO4, and diluting to 1 dm 3 . An oleic acid (HOL) stock solution, 6.36 × 10 -2 mol dm -3 , was prepared from the food grade with sp. gr. 0.895 (provided from J. T. Baker Chemical Co.) by dispersing 20 ml of HOL in 1 dm 3 kerosene. Chrome Azurol S (CAS) and 1% ascorbic acid were freshly prepared. Aqueous solutions of HCl and NaOH were used for pH adjustments. Further dilutions were prepared daily as required.
Apparatus
Spectrophotometric measurements were carried out using a Unicam UV2-100 UV/Visible spectrophotometer v3.32 with 1 cm glass cells. Sometimes the data were recorded using a Griffin Model 40 colorimeter. The infrared analyses were undertaken via a Mattson 5000 FT-IR spectrophotometer using the KBr disc method. A flotation procedure was carried out in a flotation cell, which was a cylindrical tube of 1.5 cm inner diameter and 29 cm length with a stopcock at the bottom. 39 The stirring of solutions was performed with a magnetic stirrer Model VEHP, Sientifica, Italy. The pH was measured using a Jeanway 3310 pH meter.
Procedure
To study the various parameters affecting the sorption-flotation process, a 20 cm 3 aliquot of a suspension containing 1.35 mg dm -3 Al 3+ ions and 200 mg dm -3 sorbent (PAC) of initial pH 7 was introduced into the flotation cell. The cell was shaken for 5 min (optimized time) to ensure complete adsorption of Al 3+ ions by PAC. Then, 3 cm 3 of 3 × 10 -3 mol dm -3 HOL was added.
The cell was again inverted upside down 20 times by hand and allowed to stand for 5 min to complete flotation. The residual Al 3+ ion concentration in the mother liquor was analyzed spectrophotometrically using Chrome Azurol S (CAS) at a wavelength of 545 nm, or Eriochrome Cyanine R (ECR) at 535 nm as has been described. 40 The removal percentage of Al ions, Re(%), was calculated from the relationship
where Ci and Cf denote the initial and residual Al 3+ concentrations.
To study the flotation of PAC alone, the previous procedural steps were conducted in the absence of Al 3+ ions. After complete flotation, the PAC-containing float was filtered through a G5 sintered-glass filter (porosity, 1 -1.5 µm) and dried to constant weight in an oven at 125˚C. The floatability percentage of PAC, F (%), was calculated from
where Ci and Cf denote the initial and float concentrations of the PAC sorbent. All experiments were carried out at room temperature (∼25˚C).
Another series of experiments was conducted on a 1 dm mol dm -3 HOL with an initial pH of 7. The suspension was stirred magnetically for 10 min at 200 rpm, where it was noted that the Al-PAC-HOL system was self-floatable without a stream of air bubbles being necessary.
Results and Discussion
Floatability of powdered activated carbon
The removal of fine particles of carbon sorbents from aqueous solutions (particularly those that passed through a filtration medium) was an obvious economic measure for the undertaken studies. A preliminary series of experiments was conducted to float different concentrations of PAC over a wide range of pH values using 3 × 10 -3 mol dm -3 HOL. The obtained results are depicted in Fig. 1 , from which it is clear that a maximum flotation (∼100%) for PAC was attained over a wide concentration range up to 1500 mg dm -3 . Furthermore, the separation process was more efficient in acidic and neutral media relative to an alkaline medium. The separation of powdered activated carbon using different concentrations of oleic acid (HOL) surfactant at pH values of 2, 7 and 9 is presented in Fig. 2 . The results proved that oleic acid is an effective surfactant for a quantitative removal of the sorbent, both at its lower concentrations and over the pH range investigated when applied within the concentration range of 3 × 10 -4 to 5 × 10 -2 mol dm -3 . However, at high sorbent concentrations, HOL gave better results at pH values of 2 and 7 rather than at pH 9. In general, it was found that for the undertaken studies the recommended HOL concentration range was 1 × 10 -3 to 1 × 10 -2 mol dm -3 . Another series of experiments was carried out to float different concentrations of PAC samples using 3 × 10 -3 mol dm -3 HOL at pH values of 2, 7 and 9. As can be seen from the data recorded in Fig. 3 , quantitative separation of the sorbent was attained over a wide concentration range at pH 2. Hence, for each experiment a definite concentration of PAC may be recommended for a given pH value and concentration of HOL.
Removal of aluminum ions
Effect of pH. The concentrating tendency of hydroxyl ion in the float is sensitive to variations in the solution pH. In order to find the optimal pH value for the sorptive-flotation process, the removal efficiency of Al 3+ ions over the pH range 3 -10 was studied. Figure 4 illustrates the influence of the pH on the combined process of sorption and flotation for the removal of 1.35 mg dm -3 of Al 3+ ions using 200 mg dm -3 of PAC and 3 × 10 -3 mol dm -3 of HOL. It should be noted that the removal of Al 3+ ions was diminished at pH < 3.0, which may be attributed to the fact that the oxo groups (CxO and CxO2) formed on the carbon surface during activation react with water according to CxO2 + H2O = CxO 2+ + 2OH -to form a positively charged surface group, 33 thereby hindering the adsorption of Al 3+ ions and their hydrolytic species, such as Al(OH) 2+ , Al(OH)2 + ; poly-nuclear complexes, 9 Aln(OH)m (3n-m) + . However, over the pH range 6 -9, in addition to the above mechanisms, the removal of Al 3+ ions may proceed via coprecipitation of its colloidal insoluble hydroxides, Al(OH)3 (s), forming successive layers on the sorbent surface. 41 The decrease in the removal rate at high pH values (> 9) may be attributed to the fact that oleate anions are not capable of combination with the negative surface of PAC. Therefore, pH 7 was recommended throughout all other experiments. Effect of sorbent and metal ion concentrations. Two parallel series of experiments were performed to study the influence of the powdered activated carbon dose (Fig. 5 ) and changing aluminum concentrations (Fig. 6 ) on the removal percentage of Al 3+ ions from aqueous solutions at pH 7 using 3 × 10 -3 mol dm -3 of HOL. As can be seen from Fig. 5 , the removal percentage of Al 3+ ions increased as the PAC dose increased, while it decreased as the concentration of the metal ion increased (Fig. 6) . The reason for attaining a maximum removal of Al 3+ ions (∼100%) at a higher PAC dose may be due to an increase in the number of binding sites on the adsorbent available to Al 3+ ions. Hence, 200 mg dm -3 of PAC may be a suitable dose for the removal of Al 3+ ions having a concentration of ≤ 2.75 mg dm -3 . Effect of surfactant concentration. A series of experiments was undertaken to float 1.35 mg dm -3 of Al 3+ ions from aqueous solutions at pH 7, in the presence of 200 mg dm -3 of PAC sorbent, using different concentrations of HOL. The obtained results (Fig. 7) showed that a complete removal of Al 3+ (∼100%) was attained over the HOL concentration range of 1 × 10 -5 to 1 × 10 -2 mol dm -3 . The removal of Al 3+ ions decreased at concentrations above this range, a phenomenon that may be 379 ANALYTICAL SCIENCES MARCH 2006, VOL. 22 attributed to the formation on the air bubble surface of a stable, hydrated envelop of surfactant, or alternatively to the formation of a hydrated micellar coating on the solid surface. In either case, the hydrophobocity of the surface would then not be satisfactory for flotation. 42, 28 Consequently, the concentration of HOL was fixed at 3 × 10 -3 mol dm -3 throughout. Effect of shaking time. The variation in the percentage removal of Al 3+ ions with the shaking time was also studied using 1.35 mg dm -3 of Al 3+ ions, 200 mg dm -3 of PAC and 3 × 10 -3 mol dm -3 of HOL at pH 7. The shaking time was varied from 1 min to 20 min. The obtained results showed that the percentage removal increased to its maximum value (∼100%) after 3 min for 1.35 mg dm -3 of Al 3+ ions. Therefore, 5 min of shaking was considered to be sufficient for the adsorption and flotation of Al 3+ ions having a concentration of 1.35 mg dm -3 . Effect of temperature. Studies of the influence of temperature on the separation process seemed to be important from a practical viewpoint, especially in the case of hot industrial effluents. For such studies, one solution containing 1.35, 2.7, or 5.4 mg dm -3 of Al 3+ ions and 200 mg dm -3 of PAC and a second solution containing 3 × 10 -3 mol dm -3 of HOL were either heated or cooled to the same temperature using a water bath. The surfactant solution was quickly poured onto the Al 3+ solution contained within a flotation cell jacketed with 1-cm thick fiberglass insulation. The mixture was then floated using the previously described process.
The obtained results (Fig. 8) indicated that the removal percentage of Al 3+ ions increased as the temperature increased. Such data indicate that the adsorption of Al 3+ ions may proceed through chemical bond formation, which is in good agreement with literature data. 43 Moreover, a comparison with previous data (i.e. Fig. 6 ) revealed that an increase of temperature up to ∼70˚C resulted in an increase of the removed Al 3+ ions from 44 Effect of ionic strength. Table 2 shows the effect of the ionic strength on the floatability of 1.35 mg dm -3 of Al 3+ ions using 200 mg dm -3 of PAC and 3 × 10 -3 mol dm -3 of HOL at pH 7. The cations and anions nearly present in natural water samples were taken into consideration. As can be seen, all of the salts added to the floating medium had no effect on the percentage removal of Al 3+ ions. Although Mg 2+ and Ca 2+ ions may form magnesium and calcium oleates, their expected harmful effect on the recovery of Al 3+ ions was not observed. This situation may be due to the fact that Mg 2+ and Ca 2+ ions may be used as activators for this process. 38 Therefore, this simple sorptiveflotation procedure may find its application for the recovery of Al 3+ ions from sea-water samples.
Effect of various other ions.
Under the optimized conditions determined for this investigation, the percentage removal of 1.35 mg dm -3 of Al 3+ ions from a solution of pH 7 containing 200 mg dm -3 of PAC sorbent and 3 × 10 -3 mol dm -3 of HOL was studied in the presence of high concentrations of various cations and anions, usually present in some water samples. The corresponding results obtained are listed in Table 3 . All of the cations were used as their chlorides or sulfates, whereas the anions were used as the corresponding sodium salts. An inspection of the data in Table 3 indicates that the removal of Al 3+ ions was quantitative in all cases. However, it should be noted that higher concentrations of Cu could have a harmful effect on the removal process. This may be due to competition between these cations and Al 3+ ions for adsorption onto the active sites of PAC. This problem could be overcome by increasing the dose of the PAC sorbent.
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Comparison with other studies
The experimental results, as reported by Ghazy et al., 36 on a sorbent material (viz. powdered marble waste, PMW), which is an inorganic waste, indicated that a maximum removal of Al 3+ ions (∼100%) was attained attained after 5 min of shaking and pH 7 using oleic acid as an activator. The aluminum ions were essentially held by a PMW sorbent, and would not leach out by acids owing to the solubility of the sorbent. Therefore, the metal-loaded solid waste could be solidified to an environmentally safe form, thereby serving the double-fold aim of water treatment and solid waste disposal.
In this investigation, about 100% recovery of Al(III) was obtained using modified activated carbon (PAC) as an agricultural waste sorbent under the same conditions. However, regeneration of PAC could be obtained by leaching with 2 mol dm -3 HNO3 or HCl.
Recovery of Al
3+ ions added to some water samples To investigate the applicability of the recommended procedure, a series of experiments was performed to recover 1.35 and 2.62 mg of Al 3+ ions added to aqueous and some natural water samples. The sorptive-flotation experiments were carried out using 1 dm 3 of clear, filtered, uncontaminated sample solutions after adjusting their pH values to 7.0. The obtained results are listed in Table 4 , and show that the recovery was satisfactory, quantitative (∼100%) and with a relative standard deviation (RSD) that does not exceed 2.4%. Moreover, the recovery of Al 3+ ions from brackish water samples are good, compared with other fresh-water samples, which may be attributed to the presence of Na + , Mg 2+ and Ca 2+ ions in the former ones, acting as activators. 38 
Adsorption and flotation mechanism
Before discussing the possible sorptive-flotation mechanism involved, the following points need to be taken into consideration: 1) Most metal cations are removed by: (i) adsorption onto solid phases via coprecipitation of their insoluble hydroxides; (ii) flocculation by the adsorption of hydrolytic products or (iii) complexation with specific surface sites, provided that the appropriate conditions prevail. 41, 45 2) As a function of the solution pH, 9 aluminum species may exist as soluble hydroxo-complexes (Al(OH) 2+ , Al(OH)2 + and Al(OH)4 -Al(OH)3 0 and polyhydroxo-complexes (Aln(OH)m (3n-m) + ) in addition to the insoluble colloidal aluminum hydroxide Al(OH)3(s).
3) Most activated carbon surfaces are negatively charged 39 and are characterized by the presence of oxo groups, 33 CxO and CxO2, which react in aqueous suspensions as organic carboxylic and phenolic groups. 46 4) An experimental characterization of the surfaces of carbon samples under investigation was carried out using surface-area measurements employing the conventional BET equation, by measuring their base neutralization capacities and by IR analyses. The obtained results are listed in Re, % Re, % with free carboxylic groups comprising ca. 55.6%, lactone groups amounting to 33.3%, while phenolic groups amounting to 11.1%; (iii) the increase in the solution pH observed after stirring the PAC sorbent with distilled water for 4 h may be attributed to the adsorption of H + ions from the solution or the desorption of OH -ions from the sorbent surface, which agrees well with the literature data that most activated carbon surfaces are negatively charged 27 and (iv) the presence of carboxylic and phenolic groups on carbon surfaces was confirmed by the appearance of characteristic bands at 1383 cm -1 and 3400 -3444 cm -1 , respectively, in IR spectra. In addition, new bands were observed in the regions of 1704, 2916 and 3417 cm -1 characteristic of ν(COOH), ν(C-H) and ν(OH) of undissociated oleic acid, 47 which appeared after the flotation of carbon samples with the HOL surfactant. 5) Oleic acid (HOL) surfactant begins to dissociate at pH ≥ 5.2. 28 Therefore, the proposed mechanism may occur as follows: At pH < 6, the hydrolytic species of aluminum may be adsorbed on sites of the PAC sorbent. The adsorbent-adsorbate system is made hydrophobic by combining with undissociated oleic acid molecules. Such a combination may occur through hydrogen bonding of the hydroxide group of HOL, as confirmed by the appearance of an absorption band at 2926 cm -1 during an IR spectral analysis of the PAC-HOL system.
In the pH range 6 -9, where the maximal removal of Al 3+ ions occurred, adsorption may be electrostatically in nature and taking place via coprecipitation of the colloidal positive precipitates of aluminum.
The aggregates of PAC-Al 3+ precipitate being made hydrophobic by combination with undissociated oleic acid through hydrogen bonding and/or chemically with oleate anions. These hydrophobic aggregates are floated to the solution surface with the aid of air bubbles.
In an alkaline medium, at pH > 9, the removal of Al 3+ ions decreases, which may be attributed to the incapability of adsorption of the negative species, Al(OH)4 -, or negative oleate ions on the negative surface. 27 
